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ABSTRACT

Many marine invertebrates have a complex life cycle in which the egg develops into
an intermediate planktic larval form rather than developing directly to the benthic ju-
venile stage. Because of the evolutionary and ecological complexity of pelagic-benthic life
cycles, the reasons behind the origin of larvae and their subsequent maintenance over
geological time are not well under stood. Using both a molecular clock and thefossil record,
I show that the initial exploitation of the predator-free pelagic realm by lecithotrophic
larvae was achieved independently multiple times by the end of the Early Cambrian, and
that the convergent evolution of planktotrophy from lecithotrophic ancestors evolved be-
tween the latest Cambrian and Middle Ordovician at least four, and possibly as many as
eight, times. Both the exploitation of the pelagic realm by nonfeeding larvae and the
acquisition of planktotrophy correlate in time with novel modes of benthic predation,
including the dramatic rise in the number and type of epifaunal suspension feedersin the

Early Ordovician.
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INTRODUCTION

Approximately 70% of benthic marine species have a complex
life cycle in which the egg, rather than developing directly into the
benthic juvenile, develops instead into an intermediate larval form,
many of which feed in the plankton before undergoing metamorphosis
(Thorson, 1950). Pelagic-benthic life cycles are of sufficient ecological
and evolutionary complexity that the reasons behind their origin and
maintenance over geological time are not well understood (Strathmann,
1985, 1993; Pechnick, 1999). The usual suspect, dispersal, is vigor-
ously debated; some argue that, despite its potential macroevol utionary
importance (e.g., Hansen, 1978; Jablonski, 1986; Jeffery and Emlet,
2003), dispersal cannot explain the origin or maintenance of feeding
larvae (Palmer and Strathmann, 1981). Pechenik (1999) argued that the
maintenance of a feeding larval stage may have more to do with the
difficulty in losing the larva than with some selective advantage pro-
vided to the animal. If true, then understanding the origins of larvae
can only be achieved if the question is rooted within the environment
in which they arose (Strathmann, 1993).

In their seminal paper on the evolving relationship between the
plankton and the benthos, Signor and Vermeij (1994) argued that non-
feeding larvae arose during the Ediacaran, and feeding larvae arose
during the Late Cambrian—Early Ordovician, triggered, in part, by the
appearance of benthic predators, especialy tiered suspension feeders.
Here | show, using the molecular clock estimates of Peterson and But-
terfield (2005), the phylogenetic logic of Strathmann (1978), and the
fossil record, that Signor and Vermeij (1994) were broadly correct—
nonfeeding larvae arose multiple times independently in the late Edi-
acaran, correlating with the first appearance of macroscopic trace fos-
sils, and planktotrophy arose a number of times independently starting
in the latest Cambrian, correlating with the dramatic rise in the number
and types of benthic epifauna suspension feeders.

DATING THE ORIGINS OF MARINE LARVAE

To determine when the various larval forms evolved, key diver-
gence times of larval-bearing taxa were estimated using both a molec-
ular clock and the fossil record. All molecular clock dates are from

Peterson and Butterfield (2005), except where indicated. Deutero-
stomes have two very different larval types: echinoderms and hemi-
chordates have a ciliated larval form, the dipleurula (Fig. 1, red);
whereas ascidians have a nonciliated larval form, the tadpole (Fig. 1,
green). Molluscs, annelids, and nemerteans are characterized by athird
ciliated larval form, the trochophore (Fig. 1, blue). A fourth ciliated
larval form, the planula, is only found in cnidarians (Fig. 1, orange).
All four of these larval forms are presumed to be primitively epibenthic
and nonfeeding (Haszprunar et a., 1995; see following), and evolved
independently from one another (contra Peterson et al., 2000; see Pe-
terson et a., 2005, for a recent perspective).

The minimum for the evolution of the dipleurula is 535 Ma, the
divergence between echinoderms and hemichordates. The maximum,
which was not dated by Peterson and Butterfield (2005), is the 550 Ma
divergence between chordates and echinoderms (Aris-Brosou and
Yang, 2002). Thisis also the maximum for the evolution of the tadpole
larva. The minimum is the 520 Ma ascidian fossil from Chengjiang
(Chen et a., 2003). This, of course, assumes that the larvais at least
as ancient as the adult form, which is reasonable given that the adult
is attached to trilobite debris, suggestive of an epibenthic stage during
its development. With respect to the trochophore, because recent data
suggest that the planuliform larva of paleonemerteans is a modified
trochophore (Maslakova et a., 2004), the minimum is the 549 Ma
divergence between nemerteans and annelids + molluscs. The maxi-
mum is the 561 Ma divergence between the trochozoans and the ec-
dysozoans. Finaly, the evolution of the cnidarian planula is younger
than 604 Ma, the estimated divergence between cnidarians and tri-
ploblasts, but older than 543 Ma, the estimated divergence between
the anthozoan Metridium and the hydrozoan Obelia. This is the same
geological window as the three triploblast larval forms discussed here,
and thus, consistent with prediction (Signor and Vermeij, 1994),
pelagic-benthic life cycles are of great antiquity, evolving at least four
times independently during the late Ediacaran (Fig. 1).

EVOLUTION OF PLANKTOTROPHY
The geologically simultaneous rise of epibenthic larvae during the
late Ediacaran is further evidence for a planktonic revolution at the
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nonfeeding larvae in late Ediacaran—Early Cambrian.

Proterozoic-Cambrian transition (Butterfield, 1997, 2001). Of interest,
however, is that unequivocal evidence for planktotrophy is not evident
until the Tommotian (Butterfield, 1997, 2001), and, given the nature
of the evidence (the rapid appearance of antipredatory spinesin plank-
tic acritarchs), could not have evolved much earlier (Butterfield, 2003).
It is likely, then, that lecithotrophy is primitive for most groups, con-
sistent with both the fossil record (Chaffee and Lindberg, 1986) and
severa detailed phylogenetic studies that polarize the direction of evo-
lutionary change (Fig. 2A). For example, the feeding larval form of
nemerteans, the pilidium, is only found in heteronemerteans and in
Hubrechtella, but not in the basal ‘‘ paleonemerteans’ or hoplonemer-
teans, which are characterized by the nonfeeding planuliform larva
(Norenberg and Stricker, 2002). Within molluscs, aplacophorans, poly-
placophorans, scaphopods, and the basal clades within both gastropods
and bivalves are characterized by lecithotrophic trochophores; feeding
trochophores (i.e., veligers) are inferred to have evolved twice inde-
pendently, once within Gastropoda and once within Bivalvia
(Haszprunar et al., 1995).

To date the appearance of feeding larval forms, | used the molec-
ular clock to estimate the divergence times between two polychaete
annelids (Chaetopterus and Nereis), and between two heteronemerteans
(Lineus and Cerebratulus) and the hoplonemertean Amphiporus. Phy-
logenetic considerations suggest that the last common ancestor of the
polychaete annelids Chaetopterus and Nereis possessed a nonfeeding
trochophore larval form (Rouse, 2000). The molecular clock estimates
the divergence between these two polychaetes at 493 Ma (Fig. 1). Be-
cause close relatives with feeding larval forms of both Chaetopterus
and Nereis are known from fossils dating to the Middle Ordovician
(Wills, 1993), the minimum for the evolution of at least two polychaete
feeding trochophores is ca. 460 Ma (Fig. 1). The molecular clock dates
the divergence between the two heteronemerteans at 270 Ma, and the
divergence between the hoplonemertean Amphiporus and the two het-
eronemerteans at 485 Ma (Fig. 1).
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These data suggest that the maximum for the evolution of annelid
feeding larval forms and the nemertean pilidium is latest Cambrian—
Early Ordovician. This happens to coincide with the maximal age for
severa other feeding larval forms, including the bivalve and gastropod
veligers, and the bryozoan cyphonautes (Taylor, 1993; Signor and Ver-
meij, 1994). It may aso coincide with the maximal age of the echi-
noderm feeding larval form, assuming that the absence of a feeding
larval stage in pelmatozoan echinoderms and pterobranch hemichor-
dates is primitive. The molecular clock and the fossil record indicate
that at least six of the eight feeding larval forms considered here had
al evolved by the beginning of the Devonian (and four of these by
the Middle Ordovician); only the pilidium and the cyphonautes (Taylor,
1993) could have evolved substantially later. Therefore, at least four,
and possibly as many as eight, different feeding larval forms had
evolved independently from nonfeeding ancestors between the Late
Cambrian and the Middle Ordovician (Fig. 1).

A significant difference between the Cambrian and Ordovician is
that the Cambrian benthos contained relatively few suspension feeders
with the capacity to feed upon eukaryotic plankton. Instead, the Cam-
brian suspension-feeding fauna was dominated by sponges, a group of
animals that by physiological necessity feed primarily on organic de-
tritus and demersal bacteria (discussed in Peterson et al., 2005). It was
not until the Early Ordovician that tiered suspension-feeding commu-
nities with the capacity to feed upon metazoan larvae begin to compose
a significant fraction of the benthic suspension-feeding fauna (Signor
and Vermeij, 1994). This dramatic rise in generic diversity (Fig. 1,
light blue) correlates with the evolution of planktotrophy in at least
four, if not eight, of the eight clades discussed herein.

DISCUSSION

These data and observations are consistent with the hypotheses of
Signor and Vermeij (1994), i.e., that the multiple origins of feeding
larvae were a two-step process. The initial exploitation of the pelagic
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Figure 2. Derived nature of planktotrophy within molluscs and
nemerteans and its relationship to egg size and fecundity. A:
Phylogenetic tree showing presence of lecithotrophy in basal
taxa of both molluscs and nemerteans. Note that both “proto-
branchiates” and “paleonemerteans” are paraphyletic (indicat-
ed with quotes), and thus there are multiple lineages of lecith-
otrophs at base of both Bivalvia and Nemertea. Three feeding
larval forms each evolved once independently: veliger forms in
bivalves and gastropods, and pilidium in Hubrechtella and het-
eronemerteans. Phylogeny from Giribet and Wheeler (2002),
Thollesson and Norenburg (2003), and Lindberg and Guralnick
(2003). B: Relationship between planktotrophy and egg size in
molluscs and nemerteans. Feeding taxa are indicated with
cross, and nonfeeding with square, color coded to match high-
er taxon name in A. Data from Costello et al. (1957) and Strath-
mann (1987). C: Relationship between fecundity and feeding
type. Planktotrophs produce order of magnitude more eggs per
female as compared with lecithotrophs (modified from Thor-
son, 1950). Note that these trends are not restricted to molluscs
and nemerteans, but reflect general considerations across a
wide variety of taxa (e.g., see Emlet et al. [1987] for data on
echinoderms).

realm by nonfeeding larvae was achieved independently multiple times
by the end of the Early Cambrian, and was most likely driven by
benthic predation pressures on eggs and developing embryos (see aso
Butterfield, 1997, 2001, 2003; Peterson et a., 2005). Trace fossils
clearly show the origins of macroscopic bilaterian grazers by the late
Ediacaran, ca. 555 Ma (Martin et al., 2000) (Fig. 1, purple), with an
explosion of formsinto the Early Cambrian (Crimes and Droser, 1992).
Unlike the benthos, the pelagic realm was free of predators until the
latest Early Cambrian (Peterson et al., 2005), and thus the initial ex-
ploitation of the pelagic realm was initially achieved without any in-
fluence from epibenthic predation.

Once epibenthic predation is established, it is often thought to be
the principal factor governing subsequent larval evolution (Thorson,
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1950). Nevertheless, recent studies suggest that |arvae experience very
little predation while in the pelagic realm (Johnson and Shanks, 2003).
Clearly, epibenthic predation occurs, as some larval forms possess
structures designed to interfere with pelagic (but not benthic, Cowden
et al., 1984) predation (e.g., Hickman, 2001; Nitzel and Fryda, 2003).
However, the molecular clock and the fossil record (Fig. 1) clearly
show that despite the presence of epibenthic predators (Peterson et al.,
2005), larvae increased the amount of time they spent in the plankton.
Thus, athough spending a longer amount of time in the plankton will
increase the chances of encountering a pelagic predator, epibenthic pre-
dation does not appear to be a strong selective force in the evolution
of complex life cycles.

Rather than driven by planktic predation, the evolution of plank-
totrophy instead was possibly driven by benthic predation. The corre-
lation between the multiple and independent experiments in the evo-
lution of planktotrophy, and the dramatic rise in the number and types
of epifauna suspension feeders, may be causal (Signor and Vermeij
1994). The hypothesis presented here is that suspension feeding se-
lected for fecundity, resulting in selection of planktotrophy (see also
Palmer and Strathmann, 1981). Asiswell known (e.g., Thorson, 1950),
a reduction in egg size, compared to lecithotrophs, is associated with
planktotrophy, which alows for a dramatic increase in absolute egg
number (fecundity) (Figs. 2B, 2C) but demands that the larva feed in
order to become competent to undergo metamorphosis. Thus, suspen-
sion feeders could exert a selection pressure to evolve planktotrophy
because the antipredatory strategy is to simply overwhelm them by
egg numbers. Planktotrophy is, in theory, quite smple to evolve, given
that it requires only an animal of the appropriate mass (Olive, 1985;
Chaffee and Lindberg, 1986), and a relatively trivial shift in the de-
velopmental timing of the gut. Thus, contrary to Thorson’s (1950) orig-
inal hypothesis, larval wastage is not an adaptation to counter planktic
mortality, but instead to counter mortality upon settlement.

Benthic predation may aso drive the multiple reversals back to
lecithotrophy. Since the Ordovician, there have been numerous and
independent losses of feeding larva, but few secondary gains (Strath-
mann, 1978), suggesting that, after the Ordovician, lecithotrophy has
had a higher fitness than planktotrophy. One possible reason is that
adaptations that protect early embryonic stages from benthic predators
are associated with the secondary evolution of lecithotrophy. For ex-
ample, planktotrophic eggs are negatively buoyant, and thus ripe for
predation as they sink to the benthos. However, in many eleutherozoan
echinoderms the loss of the feeding larval form is correlated with the
acquisition of a larger, positively buoyant, egg (Emlet et a., 1987;
Emlet, 1994). Thus, although the loss of planktotrophy results in de-
creased fecundity, there is also the potential decrease in egg mortality,
given that it does not encounter the benthos until it has developed into
ajuvenile. Several other taxa have evolved unique solutions to counter
negative buoyancy, including crinoids (Holland, 1977), chitons
(Buckland-Nicks, 1993), and ascidians (Lambert and Lambert, 1978);
still other taxa brood or encapsulate their eggs and embryos to protect
them from predators (Pechenik, 1979).

The secondary evolution of lecithotrophy and the increase in egg
size reduce the mortality of the early embryo (due to positive buoyancy
and other protective devices), the larva (due to decreased time spent
in the plankton), and the juvenile (due to an increase in absolute size
and the potential to rely on stored nutrients during the early juvenile
period) (Emlet and Houegh-Guldberg, 1997; Levitan, 2000), al of
which offset the cost of reduced fecundity and increase fithess (Hav-
enhand, 1993). Therefore, the origins of feeding larvae are a strategy
against a unique set of evolutionary and ecologica circumstances that
arose in the Early Ordovician, but aternative strategies of greater se-
lective advantage were discovered later in geologic time by many taxa
independently.

931



ACKNOWLEDGMENTS

| thank J. Lyons, A. Rivera, and M. Fish for their technical assistance, J.
Ackerman for tabulating the J. Sepkoski data used in Figure 2, and M. McPeek
for running the ““r8s” analyses and discussion. | also thank J. Buckland-Nicks,
N. Butterfield, A. Cameron, M. Dietrich, M. Droser, D. Erwin, J. Gilbert, D.
Jacobs, S. Jensen, E. Sperling, and especialy G. Vermeij for comments and
discussion. This work was supported by NASA-Ames Research Center, the
National Science Foundation, and Dartmouth College.

REFERENCES CITED

Aris-Brosou, S, and Yang, Z., 2002, Effects of models of rate evolution on
estimation of divergence dates with special reference to the metazoan 18S
ribosomal RNA phylogeny: Systematic Biology, v. 51, p. 703-714.

Buckland-Nicks, J., 1993, Hull cupules of chiton eggs: Parachute structures and
sperm focusing devices?: Biological Bulletin, v. 184, p. 269-276.

Butterfield, N.J., 1997, Plankton ecology and the Proterozoic-Phanerozoic tran-
sition: Paleobiology, v. 23, p. 247-262.

Butterfield, N.J., 2001, Ecology and evolution of Cambrian plankton, in Zhu-
ravlev, A.Y., and Riding, R., eds., The ecology of the Cambrian radiation:
New York, Columbia University Press, p. 200-216.

Butterfield, N.J., 2003, Exceptional fossil preservation and the Cambrian ex-
plosion: Integrative and Comparative Biology, v. 43, p. 166-177.

Chaffee, C., and Lindberg, D.R., 1986, Larval biology of Early Cambrian mol-
luscs: The implications of small body size: Bulletin of Marine Science,
V. 39, p. 536-549.

Chen, J.-Y., Huang, D.-Y., Peng, Q.-Q., Chi, H.-M., and Feng, M., 2003, The
first tunicate from the Early Cambrian of south China: National Academy
of Sciences Proceedings, v. 100, p. 8314-8318.

Costello, D.P, Davidson, M.E., Eggers, A., Fox, M.H., and Henley, C., 1957,
Methods for obtaining and handling marine eggs and embryos. Woods
Hole, Massachusetts, Marine Biological Laboratory, 247 p.

Cowden, C., Young, C.M., and Chia, ES., 1984, Differentia predation on ma-
rine invertebrate larvae by two benthic predators: Marine Ecology Pro-
gress Series, v. 14, p. 145-149.

Crimes, T.P, and Droser, M.L., 1992, Trace fossils and bioturbation: The other
fossil record: Annual Review of Ecology and Systematics, v. 23,
p. 339-360.

Emlet, R.B., 1994, Body form and patterns of ciliation in nonfeeding larvae of
echinoderms: Functional solutions to swimming in the plankton: American
Zoologist, v. 34, p. 570-585.

Emlet, R.B., and Hoegh-Guldberg, O., 1997, Effects of egg size on postlarval
performance: Experimental evidence from a sea urchin: Evolution, v. 51,
p. 141-152.

Emlet, R.B., McEdward, L.R., and Strathmann, R.R., 1987, Echinoderm larval
ecology viewed from the egg, in Jangoux, M., and Lawrence, JM., eds.,
Echinoderm studies 2: Rotterdam, A.A. Balkema, p. 55-136.

Giribet, G., and Wheeler, W., 2002, On bivalve phylogeny: A high-level analysis
of the Bivalvia (Mollusca) based on combined morphology and DNA se-
quence data: Invertebrate Biology, v. 12, p. 271-324.

Hansen, T.A., 1978, Larval dispersal and species longevity in lower Tertiary
gastropods: Science, v. 199, p. 885-887.

Haszprunar, G., Salvini-Plawen, L., and Rieger, R.M., 1995, Larval planktotro-
phy—A primitive trait in the Bilateria?. Acta Zoologica (Stockholm),
V. 76, p. 141-154.

Havenhand, J.N., 1993, Egg to juvenile period, generation time, and the evo-
lution of larva type in marine invertebrates. Marine Ecology Progress
Series, v. 97, p. 247-260.

Hickman, C.S., 2001, Evolution and development of gastropod larval shell mor-
phology: Experimental evidence for mechanical defense and repair: Evo-
lution and Development, v. 3, p. 18-23.

Holland, N.D., 1977, The shaping of the ornamented fertilization membrane of
Comanthus japonica (Echinodermata: Crinoidea): Biological Bulletin,
v. 153, p. 299-311.

Jablonski, D., 1986, Larval ecology and macroevolution in marine invertebrates:
Bulletin of Marine Science, v. 39, p. 565-587.

Jeffery, C.H., and Emlet, R.B., 2003, Macroevolutionary consequences of de-
velopmental mode in temnopleurid echinoids from the Tertiary of southern
Australia: Evolution, v. 57, p. 1031-1048.

Johnson, K.B., and Shanks, A.L., 2003, Low rates of predation on planktonic
marine invertebrate larvae: Marine Ecology Progress Series, v. 248,
p. 125-139.

Lambert, C.C., and Lambert, G., 1978, Tunicate eggs utilize ammonium ions
for flotation: Science, v. 200, p. 64-65.

Levitan, D.R., 2000, Optimal egg size in marine invertebrates: Theory and

932

phylogenetic analysis of the critical relationship between egg size and
developmental time in echinoids: American Naturalist, v. 156, p. 175-192.

Lindberg, D.R., and Guralnick, R.P, 2003, Phyletic patterns of early develop-
ment in gastropod molluscs: Evolution and Development, v. 5,
p. 494-507.

Martin, M.W., Grazhdankin, D.V., Bowring, SA., Evans, D.A.D., Fedonkin,
M.A., and Kirschvink, J.L., 2000, Age of Neoproterozoic bilaterian body
and trace fossils, White Sea, Russia: Implications for metazoan evolution:
Science, v. 288, p. 841-845.

Maslakova, SA., Martindale, M.Q., and Norenburg, J.L., 2004, Vestigia pro-
totroch in a basal nemertean, Carinoma tremaphoros (Nemertea, Palaeo-
nemertea): Evolution and Development, v. 6, p. 219-226.

Norenberg, JL., and Stricker, SAA., 2002, Phylum Nemertea, in Young, C.M.,
et a., eds, Atlas of marine invertebrate larvae: London, San Diego, Ac-
ademic Press, p. 163-177.

Nitzel, A., and Fryda, J., 2003, Paleozoic plankton revolution: Evidence from
early gastropod ontogeny: Geology, v. 31, p. 829-831.

Olive, RIW., 1985, Covariability of reproductive traits in marine invertebrates:
Implications for the phylogeny of the lower invertebrates, in Conway Mor-
ris, S., et a., eds,, The origins and relationships of lower invertebrates:
Oxford, Clarendon Press, p. 42-59.

Palmer, A.R., and Strathmann, R.R., 1981, Scale of dispersal in varying envi-
ronments and its implications for life histories of marine invertebrates:
Oecologia, v. 48, p. 308-318.

Pechenik, J.A., 1979, Role of encapsulation in invertebrate life histories: Amer-
ican Naturalist, v. 114, p. 859-870.

Pechenik, J.A., 1999, On the advantages and disadvantages of larval stages in
benthic marine invertebrate life cycles: Marine Ecology Progress Series,
v. 177, p. 269-297.

Peterson, K.J.,, and Butterfield, N.J., 2005, Origin of the Eumetazoa: Testing
ecological predictions of molecular clocks against the Proterozoic fossil
record: National Academy of Sciences Proceedings, v. 102, p. 9547-9552.

Peterson, K.J., Cameron, R.A., and Davidson, E.H., 2000, Bilaterian origins:
Significance of new experimental observations: Developmental Biology,
v. 219, p. 1-17.

Peterson, K.J., McPeek, M.A., and Evans, D.A.D., 2005, Tempo and mode of
early animal evolution: Inferences from rocks, Hox, and molecular clocks:
Paleohiology, v. 31, supplement, p. 36-55.

Rouse, G.W., 2000, The epitome of hand waving? Larval feeding and hypoth-
eses of metazoan phylogeny: Evolution and Development, v. 2,
p. 222-233.

Sepkoski, J.J.J., 2002, A compendium of fossil marine animal genera: Bulletins
of American Paleontology, no. 363, p. 10-560.

Signor, PW,, and Vermeij, G.J., 1994, The plankton and the benthos: Origins
and early history of an evolving relationship: Paleobiology, v. 20,
p. 297-319.

Strathmann, M.F, 1987, Reproduction and development of marine invertebrates
of the northern Pecific Coast: Data and methods for the study of eggs,
embryos, and larvae: Seattle, London, University of Washington Press,
670 p.

Strathmann, R.R., 1978, The evolution and loss of feeding larval stages of
marine invertebrates: Evolution, v. 32, p. 894-906.

Strathmann, R.R., 1985, Feeding and non-feeding larval development and life-
history evolution in marine invertebrates: Annual Review of Ecology and
Systematics, v. 16, p. 339-361.

Strathmann, R.R., 1993, Hypothesis on the origins of marine larvae: Annua
Review of Ecology and Systematics, v. 24, p. 89-117.

Taylor, PD., 1993, Bryozoa, in Benton, M.J., ed., The fossil record 2: London,
Chapman & Hall, p. 465-489.

Thollesson, M., and Norenburg, J.L., 2003, Ribbon worm relationships: A phy-
logeny of the phylum Nemertea: Roya Society of London Proceedings,
ser. B, Biological Sciences, v. 270, p. 407-415.

Thorson, G., 1950, Reproductive and larval ecology of marine bottom inver-
tebrates: Cambridge Philosophical Society Biological Reviews, v. 25,
p. 1-45.

Wills, M.A., 1993, Annelida, in Benton, M.J., ed., The fossil record 2: London,
Chapman & Hall, p. 271-278.

Manuscript received 14 March 2005
Revised manuscript received 27 July 2005
Manuscript accepted 1 August 2005

Printed in USA

GEOLOGY, December 2005



